Cadherins are synaptically enriched cell adhesion and signaling molecules. In brain, they function in axon targeting and synaptic plasticity. In adult spinal cord, their localization, synaptic affiliation, and role in injury-related plasticity are mostly unexplored. Here, we demonstrate in adult rat dorsal horn that E-and N-cadherin display unique patterns of localization to functionally distinct types of synapses of intrinsic and primary afferent origin. Within the nociceptive afferent pathway to lamina II, nonpeptidergic C-fiber synapses in the deeper half of lamina II (IIi) contain E-cadherin but mostly lack N-cadherin, whereas the majority of the peptidergic C-fiber synapses in the outer half of lamina II (IIo) contain N-cadherin but lack E-cadherin. Approximately one-half of the A␤-fiber terminations in lamina III contain N-cadherin; none contain E-cadherin. Strikingly, the distribution and levels of these cadherins are differentially affected by sciatic nerve axotomy, a model of neuropathic pain in which degenerative and regenerative structural plasticity has been implicated. Within the first 7 d after axotomy, E-cadherin is rapidly and completely lost from the dorsal horn synapses with which it is affiliated, whereas N-cadherin localization and levels are unchanged; such patterns persist through 28 d postlesion. The loss of E-cadherin thus occurs before the onset of mechanical hyperalgesia (ϳ10 -21 d postlesion), as reported previously. Together, the synaptic specificity displayed by these cadherins, coupled with their differential response to injury, suggests that they may proactively contribute to the maintenance of some, and incipient dismantling of other, synaptic circuits in response to nerve injury. Speculatively, such changes may ultimately contribute to subsequently emerging abnormalities in pain perception.
Introduction
Sensory stimuli from the surface and deeper tissues of the body are relayed to higher CNS centers through synapses formed between the central terminations of primary afferent axons and neurons of the spinal dorsal horn. Such terminations of nociceptive, thermoreceptive, and mechanoreceptive afferents are distributed with precise order across dorsal horn layers and together represent a variety of functionally, structurally, and neurochemically distinct synaptic circuits through which somatosensory stimuli are perceived (Szentágothai, 1964; Cervero and Iggo, 1980; Ruda et al., 1986) .
Peripheral nerve injury leads to aberrant sensory perception, particularly neuropathic pain syndromes. The circuitry involved includes dorsal horn lamina I and II terminations of nociceptive unmyelinated C-fibers and thinly myelinated AѨ-fibers (Mantyh et al., 1997; Vulchanova et al., 2001; Khasabov et al., 2002) and reflects, in part, changes in neurochemistry of these circuits (Woolf and Salter, 2000) . In addition, peripheral nerve crush or axotomy is associated with synaptic structural plasticity within the neuropil of lamina II. Such plasticity includes synaptic and terminal degeneration of certain C-fiber nociceptive afferents (Knyihar and Csillik, 1976; Kapadia and LaMotte, 1987) , as well as sprouting and regeneration of synaptic contacts in which remaining C-fibers or mechanoreceptive A␤-fibers have been implicated (Csillik and Knyihar, 1975; Woolf et al., 1992; Koerber et al., 1994; Kohama et al., 2000) . The molecular mechanisms that specify dorsal horn synaptic circuitry and contribute to injuryrelated structural synaptic plasticity and retargeting are mostly unexplored. Such knowledge bears generally on strategies for promoting appropriate retargeting of spinal circuits damaged or lost by injury (Horner and Gage, 2000) , in which successful recovery of function may depend critically on molecular recognition codes that ensure correct presynaptic to postsynaptic matching of central synaptic connections.
Classic cadherins are a family of synaptically enriched transmembrane glycoproteins mediating Ca 2ϩ -dependent homophilic adhesion (Geiger and Ayalon, 1992) . They are differentially associated with functionally distinct synapses and play critical roles in laminar targeting of axon terminations in thalamocortical pathways (Huntley and Benson, 1999; Gil et al., 2002; Poskanzer et al., 2003) and in other systems (Inoue and copy, we used mouse anti-E-and anti-N-cadherin antibodies from BD Biosciences (both at 25 g/ml) or rabbit anti-N-cadherin antibody (3.5 g/ml; gift from Dr. David Colman, Montreal Neurological Institute, Montreal, Quebec, Canada) .
Immunofluorescence. The L4/L5 lumbar segment was removed, postfixed for 6 hr at 4°C in the same fixative, then cryoprotected in 30% sucrose at 4°C for 2 d. Fifty-micrometer-thick sections were cut on a freezing microtome and placed into blocking solution consisting of 3% bovine serum albumin (BSA) plus 5% normal serum in 0.01 M phosphate buffer (PB) for 1 hr at room temperature. For single labeling, sections were then incubated in primary antibodies overnight at 4°C in diluent consisting of 0.5% BSA plus 1% normal serum. Sections were then incubated in species-appropriate secondary antibodies directly conjugated to Alexa 488 (1:400; Molecular Probes). For visualizing IB4 binding, BSA was omitted from all steps; sections were incubated in IB4 -biotin overnight in PB, followed by incubation in streptavidin-Alexa 488 (1:400; Molecular Probes). For double and triple labeling, sections were incubated in two or three species-distinct primary antibodies simultaneously, followed by incubation with species-appropriate combinations of secondary antibody conjugates Alexa 488, Alexa 568, and Alexa 594 (1:400 each; Molecular Probes) and streptavidin-cyanine 5 (1:100; Jackson ImmunoResearch, West Grove, PA), all for 1 hr at room temperature. Sections were mounted on gelatin-subbed slides and coverslipped with Vectashield (Vector Laboratories). To control for nonspecific reactivity of the secondary antibodies, tissue sections were processed as described, except for omitting the primary antibody. No label was seen when primary antibody was omitted. Specificity of the mouse anti-cadherin antibodies was verified using cadherin-transfected L-cells as described below and shown in Figure 1 .
L-cell immunocytochemistry and specificity of cadherin primary antibodies. L-cells stably expressing E-cadherin were a gift from Dr. D. Colman. N-cadherin-expressing L-cells were created by transient transfection with full-length N-cadherin (gift from Dr. Deanna Benson, Mount Sinai, New York, NY) using Lipofectamine-Plus reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Confluent cells were fixed in 4% paraformaldehyde, permeabilized with 0.25% Triton X-100, and processed immunofluorescently for mouse E-cadherin and mouse N-cadherin antibody binding as described above. As expected, N-cadherin L-cells were labeled with the N-cadherin antibody (Fig. 1 A) , whereas E-cadherin L-cells were labeled by the E-cadherin antibody (Fig.  1 D) . Importantly, no cross-reactivity was observed: E-cadherin antibody did not label N-cadherin L-cells (Fig. 1 B) , nor did the N-cadherin antibody label E-cadherin L-cells (Fig. 1C) .
Confocal microscope analysis and quantification of synaptic codistribution. Single optical sections through the lumbar dorsal horn were obtained with a Zeiss 410 laser scanning microscope (Zeiss, Thornwood, NY) equipped with a 100ϫ, 1.4 numerical aperture oil-immersion objective, an argon/krypton laser, a dichroic beam splitter, and filters of 515-540, 575-640, and 670 -810 nm. The clear separation of emission spectra was verified by comparing images obtained from two channels simultaneously using the dichroic beam splitter with those obtained sequentially using one laser line. Brightness and contrast settings for labels were kept within close range of each other. To determine the percentage of peptide-, lectin-, or tracer-labeled synaptic puncta that were cadherin positive, a triple-labeling strategy was used. For this analysis, "synaptic puncta" were defined as any peptide-, lectin-, or tracer-labeled punctum that codistributed with labeling for the presynaptic terminal markers vGluts, synaptophysin, or GAD. This criterion was necessary because many of the peptide markers and tracers used for identifying spinal circuitry are not localized exclusively to synaptic regions but are also found in nonsynaptic portions of axons and dendrites. We used labeling for vGluts as the synaptic marker when examining cadherin association with labeling for NT, which labels a population of intrinsic excitatory terminals (Todd and Spike, 1993) or for A␤-fiber synaptic terminals in lamina III (Li et al., 2003; Todd et al., 2003) . We used synaptophysin as the synaptic marker when examining cadherin association with lamina II primary afferent (C-fiber) synapses because vGluts are not present at many of these . We used GAD as a marker of intrinsic inhibitory synaptic terminals (Ribak et al., 1978) . For each peptide marker or primary afferent tracer under investigation, six sections through the L4/L5 lumbar segment were used to acquire 40 -50 separate confocal images from each lamina (I-III) of the dorsal horn, collectively tiling a significant portion of the sciatic nerve termination territory (Shortland et al., 1989) . Mindful of unequal antibody penetration, optical sections were acquired only at tissue depths in which all three labels were clearly evident. From these images, 100 -200 double-labeled puncta (peptide or tracer plus vGluts, synaptophysin, or GAD) were counted, and of these synaptic puncta, the percentage of those that codistributed for cadherin labeling was determined and reported in Table 1 . To compare E-cadherin and N-cadherin immunofluorescence after sciatic nerve axotomy, brightness and contrast settings were optimized for cadherin labeling on the contralateral sham-operated side and were not varied when imaging cadherin labeling on the axotomized side. A 16ϫ objective and confocal microscopy was used to image the entire extent of the sciatic nerve termination zone within the L4/L5 dorsal horn.
HRP histochemistry and immunoelectron microscopy. L4/L5 cord segments were postfixed for 4 hr, washed with 0.1 M PB, and sectioned at 50 m on a vibratome. Sections were reacted for tetramethylbenzidine (TMB) histochemistry following the procedures of Weinberg and van Eyck (1991) . Briefly, sections were preincubated in 0.2% TMB with 1% ammonium paratungstate in 0.1 M PB, pH 6.0, for 30 min. The reaction was initiated by the addition of 0.3% H 2 O 2 and allowed to proceed until reaction product appeared, usually ϳ10 -20 min. After washes in 0.1 M PB, pH 6.0, sections were mounted on gelatin-subbed slides, dehydrated, and coverslipped. Animals used for electron microscopic analysis were processed as above for HRP histochemistry, except that 350-m-thick vibratome slices were used. Additionally, the TMB reaction product was further stabilized by incubating sections in 2.5% diaminobenzidine, 1% CoCl 2 , and 0.3% H 2 O 2 for 10 min. After washes in PB, pH 6.0, slices were cryoprotected by immersion in 0.1 M PB, pH 6.0, containing increasing concentrations of glycerol (10 -30%). Quadrants of tissue from the dorsal horn were then dissected from the slices and processed by freeze substitution and low-temperature embedding (van Lookeren Campagne et al., 1991; Hjelle et al., 1994; Chaudhry et al., 1995) . Sections were plunged rapidly into liquid propane cooled by liquid nitrogen (Ϫ190°C) in a Universal Cryofixation System KF80 (Reichert-Jung, Vienna, Austria). The samples were immersed in 1.5% uranyl acetate (for en bloc fixation) dissolved in anhydrous methanol (Ϫ90°C; 24 hr) in a cryosubstitution AFS unit (Leica, Bannockburn, IL). The temperature was gradually raised in steps of 4°C/hr from Ϫ90 to Ϫ45°C. The samples were then washed three times with anhydrous methanol and infiltrated with Lowicryl HM20 resin (Electron Micoscopy Sciences, Hatfield, PA) at Ϫ45°C with a progressive increase in the ratio of resin to methanol, followed with pure Lowicryl overnight. Blocks were polymerized with UV light (360 nm) at Ϫ45°C for 48 hr, followed by 24 hr at room temperature. Ultrathin sections were cut with a diamond knife on a ReichertJung ultramicrotome and mounted on nickel grids coated with a film of 0.3% Formvar. For immunolabeling, grids were blocked in Tris-buffered saline (TBS) containing 0.05% Triton X-100 and 2% BSA, then incubated with N-cadherin (mouse or rabbit) or E-cadherin antibodies diluted in the same diluent overnight (for antibody concentrations, see above). Antibody binding was visualized by incubation for 2 hr in species-appropriate secondary antibodies conjugated to 10 nm gold (1: 100; Electron Microscopy Sciences). Sections were rinsed, dried, and counterstained with uranyl acetate and lead citrate. Sections were viewed on a Jeol 1200EX electron microscope, and digital images were taken with an Advantage CCD camera (Advanced Microscopy Techniques, Danvers, MA) . Control experiments were processed as above, except for replacing primary antibody with mouse isotype-appropriate IgGs or normal rabbit IgG (used at same protein concentrations as corresponding primary antibody; Vector Laboratories). Under these conditions, only occasional gold particles were seen, and none appeared concentrated at junctions. To control for nonspecific reactivity of the gold-conjugated secondary antibodies, grids were processed as described, except for the omission of the primary cadherin antibody. No gold particles were observed under these conditions.
Western blotting and quantification. Cadherin protein levels after sciatic nerve axotomy (see above for details) were determined at various time points by Western blotting. Animals were killed at 4 d (n ϭ 5) or 7 d (n ϭ 7) after axotomy by CO 2 asphyxiation, and the L4/L5 cord segment was removed rapidly. A 0.75 mm tissue punch was taken through medial lamina I/II, which was visualized with the aid of a dissecting microscope. The tissue was then immediately frozen on dry ice. Tissue was homogenized in SDS sample buffer (100 mM Tris, pH 7.6, 150 mM NaCl, 200 mM sucrose, and 2% SDS) and sonicated for 3 sec. Protein concentration was determined by BCA assay (Pierce, Rockford, IL) in triplicate. Identical samples were then prepared and run on three independent gels. For each sample, 25 m of total protein were run through a 10% SDS-Tris-HCl gel and transferred to PDVF membrane with a semi-dry transfer apparatus (Bio-Rad, Hercules, CA). Nonspecific antibody binding to membranes was blocked by exposure to 5% milk dissolved in TBS containing 0.05% Tween 20 overnight at 4°C, followed by incubation of membrane with mouse anti-E-cadherin or anti-N-cadherin antibody (1:5000) and rabbit anti-glyceraldehyde phosphate dehydrogenase antibody (GAPDH; 1:5000, Trevigen, Gaithersburg, MD) for 1 hr at room temperature in 2% milk. Membranes were then washed in TBS-Tween 20 and incubated in sheep anti-mouse-HRP and donkey anti-rabbit-HRP (both 1:2500; Amersham Biosciences, Piscataway, NJ) in 2% milk for 1 hr at room temperature. Membranes were developed in the ECL system (Pierce) for 1 min and exposed to Kodak X-OMAT autoradiography film (Sigma). Film autoradiograms were scanned using identical parameters into Adobe Photoshop 7.0 (Adobe Systems, Mountain View, CA). To compare N-cadherin protein levels across post-axotomy days, band intensities for N-cadherin and GAPDH were determined using MetaMorph software (Universal Imaging, Downingtown, PA). To adjust for differences in background across lanes, lane intensity was determined from a sampling region identical to that used to measure the specific bands and subtracted from the intensities of the corresponding N-cadherin and GAPDH bands. For each lane, N-cadherin band intensity was normalized to GAPDH band intensity within the same lane. Ratios of N-cadherin band intensity to GAPDH band intensity (OD Ncad/OD gapdh) were determined for sham-operated, 4 and 7 d postaxotomy time points, and the means of ratios (ϩSEM) were plotted. Two-tailed t-tests were used to determine significant differences in ratios.
A p value Ͻ0.05 was considered significant. No significant differences were seen between the 4 d sham and the 7 d sham, thus these values were combined. Figure preparation . Digital images were imported into Adobe Photoshop 7.0 where minimal adjustments in contrast and brightness were made. Multi-panel figure layout and graphics were completed using QuarkXpress 4.1 (Quark, Denver, CO).
Results

Laminar distribution of E-and N-cadherin in lumbar dorsal horn
We first investigated the overall laminar distributions of E-and N-cadherin in the adult lumbar dorsal horn by using cadherin type-specific antibodies ( Fig. 1) to immunolabel tissue sections from adult rat spinal cord (Fig. 2 ). E-and N-cadherin are both present in dorsal horn gray matter but display distinct laminar distribution patterns. E-cadherin immunoreactivity is restricted to a dense, superficially located band that extends evenly across the mediolateral extent of the dorsal horn (Fig. 2 A) . Comparison with immunolabeling for somatostatin, a marker of laminas I-II (Todd and Spike, 1993) , reveals that E-cadherin is localized to the ventral half of lamina II (IIi), with only very sparse label in the dorsal half (IIo) (Fig. 2 B, C) . Outside of lamina II, E-cadherin immunolabel is absent. N-cadherin labeling also extends evenly across the mediolateral extent of the dorsal horn but is more broadly distributed than E-cadherin in the dorsoventral axis (Fig. 2 D) . Comparison with the laminar somatostatin labeling pattern reveals that N-cadherin is densely and homogeneously distributed throughout laminas I-II, with no sublaminar distinctions apparent as they are with E-cadherin (Fig. 2 E, F ) . Additionally, N-cadherin immunolabel extends more deeply throughout the dorsal horn to include lamina III-V (Fig. 2 D, E ).
E-and N-cadherin localize to synapses in lumbar dorsal horn
Inspection of higher-magnification images reveals that E-and N-cadherin immunolabel is punctate. We next investigated whether such puncta correspond to synapses, as they mostly do in brain (Yamagata et al., 1995; Fannon and Colman, 1996; Uchida et al., 1996; Arndt et al., 1998; Benson and Tanaka, 1998; Huntley and Benson, 1999; Bozdagi et al., 2000) . We first used confocal microscopy to analyze tissue sections immunofluorescently labeled for E-or N-cadherin and for the vGluts. vGluts, when used together, localize to a majority of excitatory synaptic terminals within the spinal gray matter (Li et al., 2003; Todd et al., 2003) . This was followed by immunogold electron microscopy to verify the light microscopic localization patterns.
Many, but not all, E-cadherin puncta codistribute with puncta labeled for vGluts (Fig. 3A-C) . In general, E-cadherin puncta that codistribute with vGluts appear larger in comparison with smaller ones that rarely show codistribution. As in brain, the codistribution pattern is characterized by partial overlap of the cadherin and vGlut labels, producing a central region of codistribution (Fig. 3C , yellow pixels and arrows). The localization of E-cadherin to asymmetric synaptic junctions within lamina IIi was verified by immunogold electron microscopy ( Fig. 3 D, E) .
Similar to E-cadherin, both large and small N-cadherin puncta are found throughout the dorsal horn neuropil. Many of these, but not all, codistribute with puncta labeled for vGluts throughout laminas I-V (Fig. 4 A-C) . Those that show codistribution also appear to be the larger ones. We verified localization of N-cadherin to the synaptic junctional complex in lamina IIo by immunogold electron microscopy (Fig. 4 D, E) . In contrast to E-cadherin localization, N-cadherin gold particles are found at symmetrically thick membrane densities characteristic of puncta adherens (Fig. 4 D, arrowhead) . Such N-cadherin-labeled puncta adherens are immediately adjacent to conventional asymmetric synaptic junctions that lack N-cadherin gold particles (Fig. 4 D,  arrow) , collectively forming the synaptic junctional complex (Peters et al., 1991) . In addition to labeling of puncta adherens, gold particles are also found at some axo-axonic synaptic junctions (Fig. 4 E, arrowhead) , a well recognized component of spinal lamina II circuitry (Ribeiro-da-Silva and Coimbra, 1982) . In lamina III, gold particles are found at conventional asymmetric synaptic junctions (see Fig. 7F, arrowhead) .
Taken together, these data demonstrate that E-and N-cadherin localize to excitatory synaptic junctional complexes in spinal dorsal horn.
Identity of E-and N-cadherin-associated synaptic circuitry within dorsal horn
The partially overlapping but distinct laminar distributions of the two cadherins, coupled with their synaptic localization, raised the possibility that each might be found in association with different functional types of spinal synapses, similar to the synaptic specificity they display in the brain . To investigate this, we used a triple-immunolabeling strategy, combining well established markers of different primary afferent and intrinsic circuits with presynaptic terminal markers and cadherin labeling (see Materials and Methods for more details). The results of this quantitative analysis are shown in Table 1 . We first examined cadherin affiliation with the synaptic terminations of small-diameter primary sensory afferents (unmyelinated C-fibers and thinly myelinated AѨ-fibers) through which nociceptive information is conveyed to lamina II. These are composed of nonpeptidergic and peptidergic subtypes. The former can be identified by labeling for IB4 binding and terminate in lamina IIi (Alvarez et al., 1991; Kitchener et al., 1994) . The latter can be identified by labeling for CGRP and terminate in laminas I-IIo (Alvarez et al., 1991) .
The vast majority of the IB4 -synaptophysin-positive puncta (ϳ80%) (Table 1) in lamina IIi codistributes with E-cadherin (Fig. 5A-D) , whereas only a minority of these (ϳ9%) codistribute with N-cadherin (Fig. 5E-H ) . We also found many E-or N-cadherin-IB4 puncta that lacked synaptophysin labeling, but their numbers relative to those that were synaptic were not quantified. Such nonsynaptic codistribution may correspond to a previous observation that E-cadherin immunoreactivity is present along fasciculated, small-diameter axons (Seto et al., 1997) . In contrast, a majority (ϳ65%) of the CGRP-synaptophysin-positive puncta in lamina IIo codistribute with Ncadherin (Fig. 5I-L) . E-cadherin codistribution with CGRP was not examined because there is virtually no E-cadherin label in lamina IIo. Together, the data suggest that between these two cadherins, E-cadherin is preferentially associated with terminations of nonpeptidergic nociceptive afferents, whereas N-cadherin is preferentially associated with terminations of peptidergic nociceptive afferents.
To verify cadherin localization to the principal synaptic relay that conveys pain information, we combined intrasciatic nerve injections of WGA-HRP with cadherin immunogold electron microscopy. WGA-HRP is selectively taken up by C-and AѨ-fibers and transported transganglionically to their spinal terminations in laminas I-II (LaMotte et al., 1991; Kitchener et al., 1994) , which we confirmed (Fig. 6 A) . As predicted, E-cadherin gold particles are found at asymmetric synapses (Fig. 6 B, arrowhead) where the presynaptic terminal is filled with WGA-HRP histochemical reaction product (Fig. 6 B, asterisks) . N-cadherin gold particles are also found at synaptic junctional complexes associated with presynaptic terminals containing WGA-HRP reaction product (Fig. 6C,D, asterisk) . However, such gold clusters are found at puncta adherens (Fig. 6C, arrowhead) , immediately adjacent to conventional asymmetric synaptic junctions that lack gold particles (Fig. 6 D, arrows) . Technical limitations prevented us from examining whether E-and N-cadherin colocalize to the same WGA-HRP (or any other) labeled terminals.
We next investigated cadherin association with the terminations of large-diameter, myelinated A␤-fibers conveying lowthreshold mechanosensation to laminas III-V. These afferent terminations are labeled selectively by intrasciatic nerve injections of CTB conjugates (LaMotte et al., 1991), which we verified (Fig.  7E) . Quantitatively, ϳ50% of the CTB-vGlut-positive puncta in lamina III codistribute with labeling for N-cadherin (Table 1 ; Fig.  7A-D) . Synaptic association was verified by immunogold electron microscopy, in which N-cadherin gold particles are found at asymmetric synapses (Fig. 7F, arrowhead) in which the presynaptic terminal is filled with CTB-HRP reaction product (Fig. 7F,   Figure 6 . Immunogold electron microscopic localization of E-and N-cadherin at synaptic junctions formed by WGA-HRP-identified primary afferents in lamina II. A, Low-power, light microscopic image through lumber dorsal horn showing typical lamina II termination pattern of small-diameter, myelinated, and unmyelinated primary afferents. TMB histochemistry was used to reveal such terminals after selective uptake and transganglionic transport of WGA-HRP injected into the sciatic nerve. Medial is to the right. B, Electron micrograph of C-fiber synapse in lamina IIi. E-cadherin antibody binding (arrowhead) is localized to an asymmetric postsynaptic density. The presynaptic terminal is identified as a small-diameter (nociceptive) afferent because it contains TMB reaction product (asterisks). C, D, Serial electron micrographs through a C-fiber synapse in lamina IIi immunogold-labeled for mouse N-cadherin antibody binding. Gold particles are found at perisynaptic puncta adherens (C; arrowhead) but are absent from the conventional asymmetric synaptic junction that is seen in the immediately adjacent section (Ncad adjacent; D; arrows). Asterisks in C and D indicate TMB reaction product contained in the afferent terminal. Scale bars: A, 100 m; B-D, 500 nm. asterisk). E-cadherin was not evaluated in relationship to this projection because A␤-fibers terminate deep to lamina IIi in which E-cadherin is found.
Finally, we examined cadherin association with two representative intrinsic systems. NT labels a population of intrinsic excitatory neurons and their terminals in lamina II (Todd and Spike, 1993) . A smaller percentage of NT-vGlut-positive synapses in lamina IIi (Fig. 8 A-D) are E-cadherin labeled (ϳ30%) ( Table 1) in comparison with those that are N-cadherin labeled (ϳ50%) (Fig. 8 E-H ) . GAD labels a population of synaptic terminals furnished by intrinsic interneurons that use the inhibitory neurotransmitter GABA (Ribak et al., 1978) . Both E-and N-cadherin labeling are found associated with some GAD-positive puncta (Fig. 8 I-N ) . Quantitatively, E-and N-cadherin are associated with an equal percentage (ϳ30%) of GAD-positive inhibitory synaptic puncta in lamina IIi. These data are of interest because in brain, GABAergic synapses contain catenins but lack N-cadherin; the corresponding cadherins have not yet been identified (Yamagata et al., 1995; Benson and Tanaka, 1998; Huntley and Benson, 1999) .
To summarize, these data demonstrate that E-and N-cadherin are localized to differential proportions of functionally distinct primary afferent and intrinsic synaptic circuits in the dorsal horn. Such localization patterns are complex; none of the various markers that we used to identify different primary afferent or intrinsic systems was associated exclusively with Eor N-cadherin. It may be that within any given system defined by fiber or neurotransmitter type, one or a few cadherins will delineate subpopulations of synapses that are functionally related. For example, A␤-fibers convey information from different types of peripheral sensory receptors (Brown and Iggo, 1967) . It is possible that the A␤-fiber synapses that we found associated with N-cadherin (ϳ50%) represent a submodality-specific subpopulation; which cadherin (if any) is present at those that lack N-cadherin remains to be determined.
Peripheral nerve injury differentially affects levels and localization of cadherins
Neuropathic pain is associated with peripheral nerve injury; mechanical hyperalgesia and autotomy are apparent by ϳ10 -21 d after sciatic nerve axotomy (Kingery and Vallin, 1989; Kauppila and Xu, 1996) . Structural synaptic reorganization of dorsal horn primary afferent circuitry is thought to contribute, in part, to such maladapative behavior (Knyihar and Csillik, 1976; Woolf et al., 1992) , raising the possibility that cadherin adhesive function or localization is affected under such conditions. To investigate this, we first verified that unilateral sciatic nerve axotomy produced dorsal horn neurochemical changes that have been associated previously with this type of injury. As expected, by 7 d after axotomy and thereafter, spinal sections through the lumbar (L4/ L5) dorsal horn from these animals display the characteristic loss of IB4 binding in lamina IIi within the sciatic nerve termination territory (Figs. 9A, 10A ; arrows) as described previously (Molander et al., 1996). We next examined cadherin immunolocalization in lumbar dorsal horn at staggered intervals after sciatic nerve axotomy. At 1 d after axotomy, there are no changes in the pattern of E-cadherin immunolocalization in lamina IIi in comparison with sham-operated or unoperated control animals. However, at 4 d after axotomy, E-cadherin immunofluorescence is diminished within the sciatic nerve termination zone on the lesioned side (Fig. 9C, arrows) in comparison with shamoperated controls (Fig. 9B) . At 7 d after axotomy, E-cadherin immunolabeling is undetectable within the sciatic nerve termination zone (Fig. 9D, arrows) but remains as expected in the laterally adjacent zone of uninjured saphenous nerve terminations. Injection of WGA-HRP into the sciatic nerve at 4 d after axotomy reveals a mostly normal pattern of terminal fiber labeling within lamina II when examined at 7 d after axotomy (Fig.  9G) , indicating that such loss of E-cadherin immunolabeling observed is not likely attributable to significant loss of primary afferent fibers. The complete absence of E-cadherin immunolabeling within the sciatic nerve termination zone is still evident at 14 d after axotomy (Fig. 9E) and persists through at least 28 d after axotomy (Fig. 9F ) , the latest time point that we examined in the study. Immunoblots of tissue-punches through the sciatic nerve termination territory show levels of E-cadherin that are diminished at 4 d after axotomy in comparison with sham controls, becoming undetectable by 7 d after axotomy (Fig. 9H ) . Taken together, these data indicate that the progressive loss of E-cadherin immunofluoresence in lamina IIi is likely attributable to the gradual reduction in protein levels in the absence of overt loss of primary afferent fibers or parent DRG neurons.
In contrast to the progressive loss of E-cadherin, there is no apparent effect on the immunolocalization pattern of N-cadherin in the dorsal horn after sciatic nerve injury during the same post-axotomy period examined (1-28 d) (Fig. 10 B-F ) . Quantitative immunoblot analysis of dorsal horn tissue punches confirms that there are no significant changes in levels of N-cadherin in comparison with sham-operated controls (Fig.  10G,H ) .
Taken together, these data demonstrate that levels and localization of two synaptic cadherins are differentially affected by peripheral nerve injury.
Discussion
We show that E-and N-cadherin are parceled to different proportions of functionally, anatomically and neurochemically distinct types of synaptic and other junctions of intrinsic and pri- mary afferent origin in adult rat spinal dorsal horn. Such specificity is particularly evident in the distribution of the two cadherins in relationship to the terminations of unmyelinated primary afferent C-fibers that convey pain information to lamina II. Nonpeptidergic C-fiber synapses in lamina IIi contain E-cadherin but mostly lack N-cadherin, whereas the majority of the peptidergic C-fiber synapses in lamina IIo contain N-cadherin but lack E-cadherin. Additionally, the distribution and levels of the two cadherins are differentially affected by sciatic nerve axotomy, a model of neuropathic pain in which structural and functional reorganization of the dorsal horn has been implicated (Csillik and Knyihar, 1975; Devor and Wall, 1981; Kapadia and LaMotte, 1987; Woolf et al., 1992) . E-cadherin is rapidly lost from the dorsal horn synapses with which it is affiliated, whereas N-cadherin localization and levels are unchanged; such patterns persist at least through 28 d postlesion. The loss of E-cadherin thus occurs before any detectable onset of mechanical hyperalgesia (ϳ10 -21 d after axotomy), as reported previously (Kingery and Vallin, 1989; Kauppila and Xu, 1996) . The synaptic specificity displayed by these cadherins, coupled with their differential response to injury, suggests that they may proactively contribute to the maintenance of some, and incipient dismantling of other, synaptic circuits in response to nerve injury. Speculatively, such changes may ultimately contribute to subsequently emerging abnormalities in pain perception.
Our results demonstrate that classic cadherins are an integral component of the mature synaptic junctional complex in spinal cord. Immunogold localization of cadherin/catenin proteins at brain synapses suggests that N-cadherin and their cateninbinding partners are clustered at perisynaptic puncta adherens adjacent to the transmitter release zone (Uchida et al., 1996) . Clustered N-cadherin labeling has also been observed at the edges of or along some postsynaptic densities in direct apposition to the transmitter release zone (Yamagata et al., 1995; Fannon and Colman, 1996; Bozdagi et al., 2000) . In our adult spinal dorsal horn material, we saw evidence for both synaptic and perisynaptic distribution. Such subsynaptic parcelation at lamina II synapses may be cadherin type specific, although this is suggested cautiously because our sampling was limited. In our material, E-cadherin was associated mostly with conventional asymmetric synapses, whereas N-cadherin was associated mostly with perisynaptic puncta adherens. The significance of such differential parcelation is presently unknown. It is possible that E-and N-cadherin delineate subpopulations of lamina II synapses or synaptic complexes, the adhesive integrity, and therefore structural stability, of which differs in the face of peripheral nerve injury. It is unlikely that the loss of E-cadherin reflects overt neuron loss, because neuron death in DRG or cord or loss of unmyelinated axons within dorsal roots is virtually nonexistent over the time course of our studies (Sugimoto and Gobel, 1982; Coggeshall et al., 1997 Coggeshall et al., , 2001 Tandrup et al., 2000) . Furthermore, we observed a normal laminar pattern of WGA-HRP labeling at 7 d after axotomy, which would not be expected if significant numbers of DRG neurons were dying. That significant loss of E-cadherin was already detectable by 4 d after axotomy suggests instead that such loss represents one of the earliest molecular changes indicative of incipient synaptic structural dissolution and reorganization of the neuropil. Ultrastructurally, the terminals of nonpeptidergic C-fiber afferents to lamina II undergo signs of terminal degeneration and engulfment by glial processes after sciatic nerve injury, with a time course identical to the rapid loss of E-cadherin that we observed here (Coimbra et al., 1974; Knyihar and Csillik, 1976; Kapadia and LaMotte, 1987) . The mechanisms for such loss could include transcriptional downregulation of E-cadherin or directed extracellular cleavage of the E-cadherin ectodomain via matrix metalloproteinases, which are upregulated by spinal or nerve injury (de Castro et al., 2000; Komori et al., 2004) . In epithelial cells, matrix metalloproteinases can clip the E-cadherin ectodomain, leading to the dismantling of puncta adherens (Lochter et al., 1997; Steinhusen et al., 2001; Marambaud et al., 2002) . Intracellularly orchestrated uncoupling of the E-cadherin-catenin linkage to the actin cytoskeleton could also occur, which would also greatly diminish or abolish adhesive force (Nagafuchi and Takeichi, 1988) . This could occur either by downregulation of catenins (Seto et al., 1997) or through catenin phosphorylation, which negatively regulates cadherin-catenin association (Roura et al., 1999) . Thus, the loss of E-cadherinmediated adhesion between apposed synaptic or other membranes may represent the first in a series of molecular cascades that lead ultimately to the loss of the synaptic junctions themselves.
Interestingly, the loss of E-cadherin may also have included synaptic contacts furnished by axon terminals of intrinsic neurons, and therefore not directly injured, such as those containing GABA or NT. In hippocampal neurons, synaptic activity regulates N-cadherin synthesis, localization, molecular configuration, and affiliation with catenins Tanaka et al., 2000; Murase et al., 2002) . Thus, the aberrant patterns of afferent activity resulting from nerve injury (Laird and Bennett, 1993; Xie et al., 1995; Kohno et al., 2003) could lead to activity-dependent downregulation of E-cadherin expression within such intrinsic neuron populations, similar to the reported loss of GAD or other molecules after nerve injury (Dubner and Ruda, 1992; CastroLopes et al., 1993) . In our material, the loss of E-cadherin persisted through 28 d after axotomy, the latest post-injury time we examined. Whether E-cadherin expression returns at time points later than this, perhaps as new nonpeptidergic afferents or some other fiber systems sprout (LaMotte et al., 1989; Doubell and Woolf, 1997; Blomqvist and Craig, 2000; Darian-Smith, 2004 ), remains to be determined. Under different injury conditions (nerve crush), immunoreactivity for E-cadherin and ␣-Ncatenin reappears ϳ2 months later (Seto et al., 1997) .
Although the time course of E-cadherin loss correlates well with the reported onset of terminal degeneration as discussed above, they both occur earlier than detectable abnormalities in pain sensation. Thus, it is possible that the loss of E-cadherin and any related structural changes to the primary afferent synapses with which it is affiliated are not directly related to subsequently developing neuropathic pain. As emphasized recently (Light and Perl, 2003) , it is often overlooked that a significant contingent of C-fiber afferents to lamina II convey innocuous mechanoreception. Many such afferents terminate deep to those that convey nociception (Light and Perl, 1979; Sugiura et al., 1986) , suggesting that these may correspond to some of the E-cadherinaffiliated primary afferent synapses in lamina IIi. Their loss could therefore be unrelated to the later onset of neuropathic pain. In contrast, mechanical nociceptive thresholds are elevated in rats subjected to targeted deletion of the IB4-binding population of small DRG neurons (Vulchanova et al., 2001 ). This suggests that the loss of E-cadherin and any associated structural changes to IB4-positive circuitry that starts very early may eventually contribute to the later-appearing mechanical allodynia that accompanies nerve-cut lesion, perhaps by a progressive accumulation of synapse loss or reorganization until some threshold is surpassed.
The unchanging pattern of N-cadherin labeling after nerve injury suggests that the primary afferent and intrinsic synapses with which N-cadherin is affiliated are stable and resistant to degenerative changes over the same period that E-cadherin is lost. This is consistent with observations that functionally, synaptic transmission of such peptidergic circuits are intimately involved in conveying stimuli that are perceived aberrantly as painful (Schaible, 1996) . Intrathecal injection of CGRP, for example, leads to tactile allodynia and thermal hypersensitivity in the absence of any overt nerve injury (Sun et al., 2003) . Speculatively, such stability may reflect the presence within these synaptic complexes of the perisynaptic N-cadherin labeled puncta adherens, which are classically recognized, strongly adhesive contact sites that contain, in addition to cadherins (Yap et al., 1997) , adhesion proteins of the Ig superfamily such as nectins and afadins (Mandai et al., 1997; Nishioka et al., 2000) . In our material, we found that ϳ65% of the peptidergic afferents contained N-cadherin. It is not clear at present whether the remaining ϳ35% lack N-cadherin because they also lack perisynaptic puncta adherens. If this is the case, then perhaps it would be expected that such peptidergic afferent synapses would also degenerate after axotomy, similar to E-cadherin-affiliated synapses. This might explain the reported diminishment in intensity of CGRP immunolabeling within lamina IIo after sciatic nerve injury (Groves et al., 1996) . It remains to be determined whether N-cadherin levels eventually change over time courses later than 28 d after injury, but it is unlikely because there is little evidence ultrastructurally for any remaining terminal degeneration in lamina II 14 d after axotomy (Arvidsson et al., 1986) . One of the prevailing models for tactile allodynia after nerve injury invokes sprouting of large-diameter mechanoreceptive A␤-fibers from their normal terminations in lamina III into lamina II, where they form new, aberrantly targeted synapses (Woolf et al., 1992 (Woolf et al., , 1995 Kohama et al., 2000) . N-cadherin is a potent substrate for axonal growth and laminar targeting developmentally (Bixby and Zhang, 1990; Poskanzer et al., 2003) , and in adult epilepsy models in which hippocampal mossy fibers sprout, N-cadherin mRNA and protein levels are dramatically upregulated, with de novo N-cadherin immunoreactivity strongly delineating the mossy fiber sprouts (Shan et al., 2002) . The lack of any demonstrable changes in N-cadherin levels or patterns of localization after sciatic nerve axotomy are inconsistent with such overt sprouting and instead support, albeit indirectly, recent studies that have challenged the A␤-fiber-sprouting model on other, more direct grounds (Tong et al., 1999; Bao et al., 2002; Hughes et al., 2003; Shehab et al., 2003) . Alternatively, the lack of any changes in N-cadherin may be because A␤-fibers use molecules other than N-cadherin for growth under conditions of injury-induced sprouting (Zhang et al., 1998) .
